In the present studies we isolated mitochondria from mTAL of SS and salt-resistant control strain SS.13 BN rats on 0.4 and 8% salt diet for 7 days and performed a proteomic analysis. Purity of mTAL and mitochondria isolations exceeded 93.6 and 55%, respectively. Using LC/MS spectral analysis techniques we identified 96 mitochondrial proteins in four biological mTAL mitochondria samples, run in duplicate, as defined by proteins with a false discovery rate Ͻ5% and scan count Ն2. Seven of these 96 proteins, including IDH2, ACADM, SCOT, Hsp60, ATPA, EFTu, and VDAC2 were differentially expressed between the two rat strains. Oxygen consumption and highresolution respirometry analyses showed that mTAL cells and the mitochondria in the outer medulla of SS rats fed high-salt diet exhibited lower rates of oxygen utilization compared with those from SS.13 BN rats. These studies advance the conventional proteomic paradigm of focusing exclusively upon whole tissue homogenates to a focus upon a single cell type and specific subcellular organelle. The results reveal the importance of a largely unexplored role for deficiencies of mTAL mitochondrial metabolism and oxygen utilization in salt-induced hypertension and renal medullary oxidative stress. mitochondrial proteins; mTAL; kidney; salt-sensitive hypertension; proteomic analysis
exhibits many of the traits associated with the human condition, especially the development of end-stage renal disease, as is commonly seen in African Americans with hypertension (62, 73) . A hallmark trait of the SS rat is the depressed pressurenatriuresis relationship (59) , which appears to be largely due to an elevation in sodium transport in the medullary thick ascending loop of Henle (mTAL). The mTAL reabsorbs 25-30% of all filtered sodium (12) by active transport driven by the basolateral Na ϩ -K ϩ -ATPase pump (12, 34) . This tubular segment of the SS rat kidney exhibits greater reabsorption of NaCl compared with salt-resistant Dahl R rats (5, 35, 60) and also exhibits higher expression of the NKCC2 cotransporter and the ROMK channel, greater production of 20-HETE and superoxide, and reduced production of NO, all of which would lead to enhanced NaCl reabsorption in the mTAL (9, 27, 29, 51, 53, 84) .
While we have carried out a number of transcriptome and proteome studies to identify genes and proteins that are differentially expressed in SS rats compared with the salt-resistant consomic SS. 13 BN control strain, these studies have utilized whole tissue extracts from the renal medulla and cortex (43, 46, 71) . The design of the present study is based on the underlying premise that gene variants must be understood in the context of single cell molecular networks and related differences in proteins and pathways that lead to salt-sensitivity. We have therefore focused on the mTAL epithelial cells and more specifically on the proteomic of the mTAL mitochondria. The mitochondrion, a primary source of ATP production, is required for fueling sodium transport in the mTAL. Moreover, emerging evidence has suggested that mitochondrial metabolism of cellular intermediaries and mitochondrial production of reactive oxygen species (ROS) might be importantly involved in the development of hypertension (42) . The present study determined protein expression differences of mitochondria isolated from the mTAL of salt-resistant SS. 13 BN and salt-sensitive SS rats fed either a low-or high-salt diet for one wk.
MATERIALS AND METHODS
Reagents and antibodies. Reagents used were HBSS (Gibco, 14025), collagenase IV (Worthington, 4188), HEPES (Sigma, H4034), trypsin (Promega, Madison, WI), bovine serum albumin (BSA) (Sigma, A9647), Tween-20 (Sigma, P7949), ADP (Sigma, A5285), KCl (Sigma, P9541), K 2HPO4 (Sigma, P8281), MOPS (Sigma, M8899), EGTA (Sigma, E3889), ammonium bicarbonate (Sigma, O9830), chloroform (Sigma, C2432). All solutions for West-ern blot (WB) and dry milk were from Bio-Rad. Antibodies used were: anti-THP [Santa Cruz, sc-19554 (G-20) ], anti-OXPHOS (MitoSciences, #MS604), anti-PDI (Abcam, ab2792), anti-cytochrome C (BD Pharmingen, #556433), anti-␤-actin (Abcam, ab8227), anti-IDH2 [Santa Cruz Biotechnology, sc-55668 (W-16)], GAR (Sigma, A0545), DAG (Santa Cruz, sc-2020), GAM (Sigma, A9044), DAGIgG-TR (sc-2787).
Experimental animals. The consomic strain SS.13 BN was developed from selective breeding of the salt-resistant Brown Norway rat (BN/MCWi; BN) and the Dahl SS rat of the Medical College of Wisconsin (MCW) colony (SS/JrHsdMcwi; SS) (6, 50) . Adult male rats 6.5-7.5 wk old (150 -250 g) were used for all experiments. Rats were fed from weaning AIN-76A diet (Dyets, Bethlehem, PA) containing 0.4% NaCl then switched to 8% NaCl beginning at ϳ6.0 -6.5 wk of age for 7 days before tissue collection. We have reported this salt intake to increase mean arterial blood pressure in this strain and age of the MCW SS rats by 23-32 mmHg by day 7 of 8% NaCl (13, 46) . The MCW Institutional Animal Care and Use Committee approved all experimental protocols.
Bulk separation of mTAL and mitochondrial protein isolation for proteomic analysis. mTAL isolation was carried out using a modification of described methods (75, 85) . Rats were anesthetized with sodium pentobarbital (50 mg/kg); the kidneys were cleared of blood by retrograde infusion with 15 ml cold saline solution. An equal volume of a collagenase digestion solution [HBSSϩHEPES solution, pH 7.4 with collagenase type IV (200 unit/ml)] was then infused (6 ml/min). Kidneys were then immediately removed from the rat, maintained at 4°C while decapsulated, and cut in 1 mm transverse slices. The inner stripe of the outer medulla was removed from each slice and incubated in a collagenase digestion solution at 37°C for 30 min. During this time, the digesting tissue was sheared by pipetted up and down to separate the long mTAL segments from other tubular fragments and cells. The tissue suspension was rinsed with 1% BSA/HBSS/HEPES (4°C) onto nylon sieves (100 then 70 m), the tubules flushed off the sieve into a conical 50 ml tube, and this suspension sieved five to seven times before centrifugation at 200 g for 5 min at 4°C. The resulting pellet was washed twice with HBSS/HEPES by centrifugation at 200 g for 5 min at 4°C, resuspended in 1 ml of HBSS/HEPES (pH 7.4), and centrifuged at 600 g for 5 min at 4°C, and the pellet was resuspended in a mitochondria isolation buffer to extract mitochondrial proteins (mitochondria isolation kit, Pierce, cat. #89874). The pellet of extracted mitochondrial proteins was resuspended in 110 l of 250 mM ammonium bicarbonate (10 l removed for WB analysis) and delipidated. To determine the purity of the mTAL isolations, we took the resuspended isolated tubule preparation following the sieving and washing and obtained 10 images (ϫ10, Nikon E-600). Each image contained from 50 -100 tubular segments, and each of these segments was traced to determine the area of the segment. The areas were determined of all the individual tubular segments contained within the 10 images (661 segments) by tracing the outer diameters of each segment using Metamorph software. The mTAL were identified visually by wellrecognized cell characteristics of diameter, shape, size, and texture and by staining with Tamm-Horsfall protein staining (a protein found exclusively in mTAL).
Delipidation of mitochondrial proteins. Membrane lipids pose a major challenge for proteomic analysis of membrane proteins with a 3:1 protein-lipid ratio for mitochondrial membranes. Mass spectrometric analysis of membrane proteins is made technically difficult by these associated lipids (78) . Delipidation of mitochondrial proteins from isolated mTALs was performed by a chloroform-methanol precipitation as previously described (48) with a few modifications. A 150 l volume of chloroform was added to a 100 l of the mitochondrial protein sample, shaken at room temperature (RT) for 60 min before adding 150 l methanol. The mixture was vortexed vigorously for 30 min and 150 l of distilled water (ddH20) added to form a bilayer. This mixture was vortexed and centrifuged at 10,000 g for 2 min at RT and the chloroform (bottom layer) discarded. A 150 l volume of chloroform was added and mixture placed in a bath sonicator for 45 min without heating. This mixture was centrifuged at 10,000 g for 5 min and the chloroform phase again discarded. Proteins were precipitated with an ice cold 0.6 N trichloracetic acid (TCA) solution (1 part TCA to 4 part sample) and incubated on ice (4°C) for 45 min. The protein was collected by pelleting at 15,000 g for 10 min at 4°C with the TCA supernatant then discarded, and the pellet washed with 500 l of cold acetone by centrifugation at 15,000 g for 10 min at 4°C. The acetone was removed, and the pelleted sample dried on ice and resuspended in 250 mM ammonium bicarbonate. Four kidneys were pooled to produce a sufficient quantity of mitochondrial protein (60 -80 g) to carry out replicate runs on each sample with 30 g required for each LTQ run as described below. Protein was quantified by absorbance at 280 nm using the NanoDrop 2000 system (ThermoScientific).
Mass spectral analysis of proteins. Mass spectral analysis was carried out on a ThermoFinnigan LTQ ion trap mass spectrometer interfaced with a Surveyor LC system in the Proteomics Center of the MCW Biotechnology and Bioengineering Center (http://proteomics. mcw.edu) as described previously (36, 48, 49) with some modifications. Delipidated samples were resuspended in 250 mM ammonium bicarbonate (ABC) solution, reduced with 10 mM dithiothreitol (DTT) for 30 min at 37°C, cysteines were alkylated with 55 mM iodoacetamide for 45 min at 37°C (in the dark), and then proteins digested overnight at 37°C with trypsin (ratio 1:50). Digestions were stopped by addition of 1 l of 1% formic acid and desalted with OMIX C18 pipette tips (Varian, Palo Alto, CA). This method enabled the identification of low-abundance and hydrophobic proteins (7, 8, 31, 57, 64, 69, 80) for the comparison of the abundance of mitochondrial proteins of mTALs isolated from the kidneys of SS and SS.13 BN rats.
Samples were loaded on to a C18 reversed-phase column (Phenomenex, Cheshire, UK) and eluted to the mass spectrometer using the nanospray ionization source. The reverse-phase solvent A was 5% (vol/vol) acetonitrile in 0.1% (vol/vol) formic acid, and solvent B was 95% (vol/vol) acetonitrile in 0.1% (vol/vol) formic acid. The protein digest injected onto the microcapillary column was resolved at the rate of 150 l/min, by the following gradient conditions: 0 -5 min 0% B, 5-120 min 5-25% B, 120 -180 min 25-75% B, 180 -190 min 75-100% B; 100% B was held for 10 min and then switched to 100% A over a period of 15 min and held at 100% A for another 85 min. Acquisition of tandem mass spectrometry (MS/MS) was based on a "Big Five" acquisition method: performing MS/MS on the five most abundant peaks in the full MS spectrum, before reacquiring another full MS spectrum. All data in the form of a binary. RAW files (which contain the spectral information as well as instrumental conditions for each step in the instrument's chromatographic program) were extracted to create a series of dta files each containing the peak locations and areas for an individual MS/MS spectrum.
Data analysis. Analytical programs developed by Halligan and Greene (20) were used to compare and quantify multiple files and to visualize the proteomic data in the .ez2 format produced by ViPDAC (Virtual Proteomics Data Analysis Cluster) (http://proteomics.mcw. edu/vipdac.html), the MAPW (MCW Automated Proteomics Workflow), or the Epitomize program (http://proteomics.mcw.edu/ epitomize.html). Resulting spectra were searched using SEQUEST algorithm against UniProt Rodent database. The Visualize program (http://proteomics.mcw.edu/visualize.html) (20) was used to quantify and compare results from the two rat strains. A protein was positively identified if it had 2 or more scans and a peptide probability score Ͼ0.85 corresponding to Ͻ5% false discovery rate. Identified proteins were analyzed by the Apropos program (MCW Biotechnology and Bioengineering Center), which scanned a large database (protein knowledgebase UniProtKB) to determine which of these proteins had previously been reported to be associated with the mitochondria. From this analysis, 180 of the 328 identified proteins (55%) were determined to be mitochondrial proteins, and only 96 of these identified proteins satisfied our criteria requiring they be found in all eight runs (four biological samples run in duplicate) and had a scan number Ն2.
Immunofluorescence. Freshly isolated mTAL cells were attached to coverslips treated with poly-L-lysine, fixed with methanol at Ϫ20°C for 10 min, permeabilized in 0.5% Triton-X100/Tris-buffered saline (TBS) for 10 min, blocked in 2% BSA/TBS-0.1% Triton, incubated with 1st antibodies (Abs) targeting Tamm-Horsfall protein for 1 h, washed, and stained with 2nd donkey anti-fluorescein Abs (Texas red) for 45 min, washed, drained, mounted with mounting medium (Polysciences, Warrington, PA), covered with a glass coverslip, and sealed by nail polish. The pictures were taken using Nikon E600 upright fluorescence microscope.
WB. The concentration of proteins was measured by DC Protein Assay (#500-0116, Bio-Rad), and then samples were heated at 95°C for 10 min in 2ϫ SDS sample buffer containing 5% of ␤-mercaptoethanol, run on 4 -15% polyacrylamide gel (10 g total protein/lane), transferred to PVDF membranes, blocked in TBSϩTween (TBST)/5% nonfat dry milk, and probed with 1st Abs diluted in TBS/3% BSA with 0.1% Tween-20 either overnight (O/N) at 4°C or 2 h at RT. After washing in TBST and incubation with 2nd Abs diluted in 5% milk/TBST for 1 h at RT, proteins were detected by enhanced chemiluminescence (ECL, Pierce). Equal amounts of protein were loaded per lane as determined by a DC Protein Assay and verified by blotting with complex III subunit Core 2 (Core2-CIII, from OXPHOS Abs cocktail). The gel was stained with Coomassie blue solution for 1 h and then destained with 7% acetic acid/10% ethanol solution. All antibodies were selected for their monospecificity and recognized a single band of predicted molecular weight. The Image J program (http://rsb.info.nih.gov/ij/) was used for blot quantification.
Cellular oxygen consumption of mTAL mitochondria. A plate reader-based analysis of intracellular oxygen levels was done using BD Falcon microplates, where the fluorescent probe was imbedded in the plate (BD Biosciences, #353830). mTALs were isolated as described above, and after the first spin, collagenase type IV solution (5 ml; 200 unit/ml) was added to the mTAL pellet and incubated at 37°C for 30 min while mixing to dissociate cells. Cells were centrifuged at 1,000 g at 4°C, washed with HBSS, and centrifuged again at 1,000 g, and the pellet was resuspended in 660 l of HBSS. To determine the volume of the suspension of mTALs that would be added to each well of the plate, a 60 l aliquot was centrifuged at 1,000 g. This pellet was lysed in a lysis buffer (150 mM NaCl, 50 mM Tris·HCl, 1 mM EDTA, 1% NP-40, 2 mM Na 3VO4, protease cocktail 1ϫ; pH 7.2), and the concentration of the lysate was determined by a DC protein assay. An equivalent amount of the mTAL suspension was then added to each well in a final volume of 200 l (brought up to volume with HBSS buffer). For each experimental condition, three replicates were analyzed using optimal fluorescence parameters of 485 nm excitation and 630 nm emission. The entire plate was preblanked so that each well could be referenced against its own initial signal at any given time point and expressed as "normalized relative fluorescence units" (NRFU) (BD Oxygen Biosensor System, Technical Bulletin #443, BD Biosciences). A slope representing changes of the O2 consumption was extrapolated from the steep part of the O2 responses observed during the initial 20 min of the plate reader measurements and expressed as ⌬ NRFU/⌬ time.
High-resolution respirometry of isolated mitochondria from outer medulla. The BioChain mitochondria isolation kit (cat. #KC010100) was used to isolate intact active mitochondria from the outer medulla (OM) to carry out high-resolution respirometry (HRR). OM tissue was isolated from freshly collected kidneys with no infusion of collagenase digestion solution. The OM tissue was pooled and homogenized (8 inch, 700 rpm, 1/6 H.P. Sears Craftsman) and centrifuged at 600 g for 10 min, and the resultant supernatant was centrifuged at 12,000 g for 15 min. This pellet containing intact mitochondria was resuspended in 0.1 ml of mitochondrial respiration buffer (130 mM KCl, 2.5 mM K2HPO4, 20 mM MOPS, 1 mM EGTA, and 0.1% BSA, pH 7.15). Protein concentration was quantified using the DC Protein assay from an aliquot representing 1/10 of the total mitochondrial suspension. Respiration measurements at a saturating substrate concentration of sodium pyruvate (10 mM)/potassium malate (2.5 mM) were performed using HRR (Oxygraph 2K; Oroboros Instruments, Innsbruck, Austria) with mitochondria resuspended at a concentration of 500 g/2 ml in the respiration buffer. Respiration rate of state 3 of the mitochondria was determined as the average respiration at state 3 (ADP added) minus average respiration of state 2 (substrate added) upon the addition of ADP at a final concentration of 175 M at 37°C. The software DatLab (OROBOROS, Innsbruck, Austria) was used for data acquisition and analysis.
Isocitrate dehydrogenase 2 activity assay. The activity of NADPdependent isocitrate dehydrogenase (IDH)2 enzyme was measured using Isocitrate Dehydrogenase activity assay kit (BioVision, cat. #K756-100). In brief, mTALs that were bulk isolated as described above from both kidneys were resuspended into a mitochondria isolation buffer for extraction of mitochondrial proteins (mitochondria isolation kit, BioChain, KC010100). The mTAL cells were homogenized by shearing the suspension back and forth up to 20 times through a 27-gauge needle syringe and centrifuged at 600 g for 10 min, and the supernatant was retained and centrifuged at 12,000 g for 15 min to get the mitochondrial pellet, which was resuspended in ice-cold assay buffer. The concentration of mitochondrial proteins was measured by Bio-Rad protein assay (Bio-Rad, #500-006), and 6 g of proteins were added to each well of a microplate in duplicate (Fisherbrand, #125655011). IDH enzyme utilizes isocitrate as a specific substrate leading to a proportional color development and can be quantified colorimetrically ( ϭ 450 nm).
Statistical analysis. All data sets except the mass spectrometry data are reported as means Ϯ SE. To assess the differences between two groups, Student's t-test was performed. P Ͻ 0.05 was considered as significant. Significant differences of the abundance of mTAL mitochondrial proteins between SS and SS.13 BN rats were determined by applying the G-test (log likelihood ratio test) to the number of peptide spectral matches (PSM) for each protein from each experimental group (25) . To normalize for different number of total PSM for each group, the expected number of PSM for each protein was adjusted based on the ratio of the total PSM for the two groups for the calculation of the G statistic (nG). This value was then used to calculate a P value (nP). These P values were then corrected using the Holm-Sidak step-down method for the correction for multiple testing (18) .
RESULTS

Assessment of mTAL and mitochondria isolations.
The mTALs of the inner stripe of the OM are more resistant than other tubular segments to mechanical and enzymatic disruption. Enzymatic hydrolysis by collagenase and sieving followed by centrifugation is required as described by others (2, 26, 63, 75, 85) . To obtain sufficient mTALs for the proteomic analysis, a total of 32 rats (16 SS and 16 SS.13 BN rats) were used in this study (four kidneys/sample). The mild enzymatic hydrolysis at 37°C enabled separation of long mTAL segments using nylon sieves (70 and 100 microns) as described above in MATERIALS AND METHODS. This technique allowed us to obtain ϳ250 g of mTAL protein from two kidneys. To assess the purity of our isolations we used Metamorph to calculate the total area of the morphologically distinct mTAL tubular elements in 10 images from three isolations of mTAL. Of the total 661 tubular segments examined at ϫ10, we identified 600 as mTAL and 61 as non-mTAL segments, indicating that 93.6% of the isolated tubules were mTAL, while the remaining 6.4% of tubules were mostly medullary collecting ducts. We conclude from this analysis a purity of 93.6% mTAL was achieved in the preparations used for proteomic analysis. Our identification of mTAL was confirmed by immunofluorescence using a Tamm-Horsfall protein antibody as a specific marker for mTAL (Fig. 1B) . Figure 1A represents a phase-contrast photograph of an mTAL isolation mixture.
Cytosolic and mitochondrial fractions were separated from the isolated mTAL and enrichment of proteins in the mitochondrial fraction was confirmed by WB analysis using anti-OXPHOS and cytochrome C antibodies. Anti-␤-actin (cytosolic protein) and PDI [endoplasmic reticulum (ER) marker] Abs show almost no detection of these proteins in the mitochondrial fraction. A WB of a representative isolation of mTAL mitochondria from SS.13 BN rat is presented in Fig. 2 .
Proteomic analysis of mitochondrial proteins from mTAL. Technical replication of the proteomic analysis was assessed by running four biological samples (four kidneys from two rats in one sample) of mTAL mitochondria from SS and SS.13 BN rats. Each of these samples was run in duplicate, resulting in a total of eight LC/MS runs for each strain. Together results were obtained from 16 biological samples analyzed using LS/MS [total 30 runs (the first two sample were not run in duplicate); probability Ͼ0.85; scan count Ն2]. The replicates of protein abundance within each sample determined by scan counts were highly correlated as represented in Fig. 3 (R 2 ϭ 0.96). No differentially expressed proteins were found in rats fed a low (0.4%)-salt diet; however, seven were found to be significantly differentially expressed in the mitochondria of rats fed an 8% salt diet for 7 days as summarized in of mitochondrial proteins present in mTAL of SS and SS.13 BN rats fed 8% high-salt diet for 7 days can be found in Table 2 .
IDH2 protein abundance and enzyme activity were reduced in mTAL mitochondria in SS rats. Sufficient amounts of mitochondrial protein remained from the samples isolated for the LC/MS analysis for WB confirmation of differential expression of IDH2 (Fig. 4) . Mitochondrial Core-2 protein of complex III was used as the loading control for the WB since we found this protein to be unaffected by rat strain or salt diet. Confirmation of mitochondrial Core-2 protein as a housekeeping gene for IDH2 loading was also performed by additional WB analysis for IDH2 quantified against the total protein in a 4 -15% Tris·HCl gel using Coomassie blue staining of mTAL mitochondria proteins isolated for IDH2 activity assay (Fig. 5) . Both methods confirmed that IDH2 expression was significantly reduced in mTAL mitochondria of SS rats fed a highsalt diet compared with SS.13 BN rats.
Comparison of IDH2 activity in mTAL mitochondria of SS and SS.13
BN rats. Isocitrate was added as a specific substrate to determine NADP-dependent IDH2 catalytic activity in mTAL mitochondria. IDH2 activity as quantified colorimetrically ( ϭ 450 nm) was consistently lower in SS rats (9.5 Ϯ 2.6 mU/ml) compared with SS.13 BN rats (21.7 Ϯ 4.5 mU/ml) ( Fig. 6 , P Ͻ 0.05, n ϭ 4). The protein abundance of IDH2, estimated by LS/MS analysis was 0.7-fold lower in SS rats (Table 1) , as confirmed by WB analysis. Mitochondria of SS rats fed a high-salt diet therefore have both a lower abundance and a reduction in IDH2 enzyme activity compared with saltresistant SS.13 BN rats. mTAL cells from SS rats consumed oxygen at a lower rate. Oxygen consumption rate of mTAL cells was compared between SS and SS.13 BN rats. Analysis of intracellular oxygen levels of isolated mTAL cells from SS and SS. 13 BN rats was performed using a quenched-fluorescence O 2 consumption assay with the O 2 sensitive fluorophore imbedded in the hydrophobic silicone matrix at the bottom of each well (28, 82) with 35 g of mTAL proteins added to a well. As oxygen is consumed by mitochondrial activity, there is a reduction of the fluorescence quenching resulting in increased fluorescence in the probe (Fig. 7A) . As shown in Fig. 7B , significantly lower rates of oxygen utilization was observed in SS compared with SS.13 BN mTAL cells; each obtained from rats fed a high-salt diet for 7 days. The average of ⌬NRFU/⌬Time for mTAL isolated from SS rats was 1.5 Ϯ 0.3 (n ϭ 6), compared with 2.2 Ϯ 0.2 (n ϭ 6) for SS.13 BN (P Ͻ 0.05). Even in rats fed a low-salt diet (prehypertensive), O 2 consumption of the mTAL was lower in SS (1.3 Ϯ 0.1, n ϭ 6) compared with SS.13 BN rats (2.1 Ϯ 0.3, n ϭ 6, P Ͻ 0.05; Fig. 7C ). Together these data indicate that mTAL of SS rats exhibit a lower rate of oxygen utilization compared with the salt-resistant SS.13 BN rats. TCA cycle substrates could not be added in these studies as was the case for isolated mitochondria respirometry studies (below) since whole mTAL cells have a limited organic acid permeability (2, 11) .
Mitochondria isolated from OM tissue of SS rats exhibited a lower rate of oxygen utilization than SS. 13 BN rats. Mitochondria were isolated from OM tissue from SS and SS.13 BN rats fed high-salt diet (8% NaCl) for 7 days and respiration rates compared with the HRR technique. Following stabilization of O 2 concentration of the samples contained in the respiration buffer at 37°C within the dual chambers, the mitochondria obtained from SS and SS.13 BN rats were added at a final concentration of 500 g/2 ml simultaneously in chambers A and B. After 3 min, substrate (10 mM pyruvate/2.5 mM malate) was added to obtain state 2 respiration. After a steady state was achieved, ADP was then added to obtain the state 3 and state 4 phases. As shown in the representative results of Fig. 8A , O 2 consumption rates were low under basal conditions (state 2; substrate only) and increased significantly in the presence of ADP (state 3). The ratio of ADP-stimulated respiration (state 3/state 2) yields the respiratory control ratio, a measurement representing the extent of coupling (functionality) of the mi- (28) . As graphically summarized in Fig. 8B , ATP stimulation of the pyruvate-malate-driven respiration resulted in an average respiration at state 3 that was lower in SS mitochondria (133 Ϯ 20 nmol/ml) compared with SS.13 BN rats (173 Ϯ 20 nmol/ml). This indicates that SS rats had a reduced level of functional mitochondrial coupling.
DISCUSSION
Proteomic analysis of mTAL mitochondria in hypertension.
The present study reports one of the first proteomic analysis of the mTAL nephron segment in a model of hypertension and the first proteomic analysis of a subcellular organelle in the kidney in hypertension. Whole cell proteomes have been previously reported for freshly isolated mTAL acutely subjected to physiological stimuli (17) or in cultured thick ascending limb cells with different levels of sensitivity to osmotic stress (10) . Targeted phospho-proteome analysis has been reported in proximal tubules of angiotensin II-induced hypertensive rats (41) . We previously performed proteomic analysis of the renal cortex and the renal medulla in SS and SS.13 BN rats (71) , which led to the discovery of mitochondrial fumarase insufficiency in SS rat (45, 72) . Lopez-Campistrous et al. (45) studied mitochondrial proteomes in the brain of hypertensive SHR and found mitochondrial defects and dysfunctions in the brain stem, similar to the current findings in mTALs in SS rats. While technically challenging, proteomic analysis of a subcellular organelle isolated from a purified cell type appears to be a powerful approach for gaining novel mechanistic insights into complex disease such as hypertension.
Specific proteins identified in the present study. The present study revealed seven mitochondrial proteins in mTAL that were differently expressed between the SS and SS.13 BN control strain when these rats were fed a 8% high-salt diet for 7 days. As indicated in the pathways outlined in Fig. 9 , six of the differentially expressed proteins were reduced in the mTAL mitochondria of SS rats. Together, the downregulation of these proteins would be predicted to reduce the efficiency of mitochondrial O 2 utilization as we confirmed by the quenchedfluorescence assay and by HRR studies. Specifically, since IDH2 appears to be the principal catalyst of the isocitrate to ␣-ketoglutarate reaction in the citric acid cycle (TCA cycle) (21), reduction of IDH2 would be expected to reduce the efficiency of O 2 utilization in the mTAL mitochondria as observed in SS rats. Slower respiration rates (state 4) of mitochondria oxygen consumption have been found to be associated with faster rates of NO and H 2 O 2 release in rat kidneys (1) . Since IDH2 is recognized to play a protective role against oxidative stress (23, 33, 37, 38, 61) reduced expression in the mitochondrial mTAL of SS rats would be consistent with greater injury of the mTAL observed in these rats (51, 67) . The present observations are also consistent with fumarase insufficiency previously reported in the renal medulla of SS rats, which would be expected to also reduce efficiency of O 2 utilization (72). Reduced abundance of mitochondrial ACADM (mediumchain specific acyl-CoA dehydrogenase) in the mTAL of SS rats would also be expected to reduce O 2 utilization in this tubular segment. ACADM is known to be involved in mitochondrial fatty acid beta-oxidation (FAO) and is essential for complete fatty acid oxidation (74) . Deficiencies of this enzyme have emerged as the most frequently encountered clinical disorder of the FAO pathway and one of the most recognized inborn errors of metabolism (44, 47, 58) .
SCOT (succinyl-CoA:3-ketoacid transferase) is a mitochondrial matrix protein that catalyzes the conversion of the exogenously-derived acetoacetate to combine with succinyl-CoA from the TCA cycle resulting in generation of acetoacetyl-CoA and succinate (22) . It also converts ketone bodies into acetoacetyl-CoA, which subsequently enter the citric acid cycle for energy production. Since reduction of acetoacetyl-CoA and succinate reduce ATP production (16), the reduced SCOT in SS mitochondria would also be expected to reduce the efficiency of O 2 utilization. Various diseases associated with SCOT deficiency such as errors of ketone body metabolism result in episodic ketoacidosis (15) .
The heat shock protein Hsp60 is an essential mitochondrial chaperone and promotes the folding of many proteins imported into the mitochondrial matrix (30) . Its reduced expression in SS rats could reduce the ability of the mTAL to protect against H 2 O 2 -induced cell damage as shown in small intestinal epithelial cells (66) . This protective effect may be of special relevance in the mTAL since we have recently found that increasing of Na ϩ delivery to the mTAL (as occurs with a high-salt diet) results in elevation of mitochondrial and total cellular H 2 O 2 production in Sprague-Dawley rats (54) . The mTAL of SS rats have also been found to exhibit greater superoxide production in response to increases of extracellular Na ϩ concentrations compared with SS.13 BN mTAL (53) . With a greater production of H 2 O 2 in the mTAL of SS rats and reduced levels of mitochondrial Hsp60, SS rats would be predicted to have a reduced ability to protect against the injurious effects of H 2 O 2 when fed a high-salt diet. This may explain why the renal OM of the SS rats and of salt-sensitive human subjects is the region of the kidney that first exhibits tubular necrosis and interstitial fibrosis (32, 67) . Interestingly, chronic infusion of catalase into the interstitial spaces of the OM significantly reduces saltinduced injury in this region in SS rats fed a high salt diet (67) .
ATPA (ATP synthase subunit alpha) is of key importance in converting ADP to ATP and was expressed at lower levels in SS rats that exhibit a lower rate of mitochondria energy production. ATPA has been found to be a target of oxidative stress in early Alzheimer's disease (Braak stages I/II) (70) in which ROS generation induces dissociation of the I-III supercomplex with consequent lack of efficient transfer of electrons from Complex I to Complex III. This disruption of Complex I assembly may contribute to a decrease of NAD-linked respiration and ATP synthesis, thereby contributing to reduction of mitochondria ATP synthesis and proton transport in the mTAL of SS rats thus reducing the efficiency of O 2 utilization in the OM.
EFTu (elongation factor Tu) protein was also significantly less in the mTAL mitochondria of SS rats. EFTu is a GTPase that promotes the GTP-dependent binding of aminoacyl-tRNA to the A-site of ribosomes during synthesis of proteins encoded by the mitochondrial genome, which include several components of complexes I, III, and IV, and ATP synthase. There is evidence that mutation of the EFTu can result in severe reduction of mitochondrial gene translation resulting in multiple defects in the amount and activity of mtDNA-dependent respiratory chain complexes (79) . A reduced expression of EFTu in SS rats would be expected to reduce BN rats fed an 8% NaCl diet for 7 days (HS) determined using BD Falcon microplates with imbedded fluorescent probe. It is seen that during the initial 20 min of measurement, the rate of O2 consumption is reduced in mTAL of SS rats, represented as the slope of the linear portion of rate of increase. B and C: average differences in the rate of O2 consumption of mTAL isolated from SS and SS.13 BN rats fed either high-salt diet (B; 8% NaCl for 7 days; HS) (n ϭ 6 biological samples) or low-salt diet (C; 0.4% NaCl; LS) (n ϭ 6 biological samples) expressed as a slope difference (assuming linearity) of the "rise" O2 responses [⌬ NRFU (normalized relative fluorescence units)] divided by the "run" (⌬ time) before a steady state of O2 consumption was achieved (as also shown in A). *P Ͻ 0.05. BN rats fed high-salt diet (8% NaCl for 7 days) (HS). A: representative graph of HRR: 500 g/2 ml of mitochondrial proteins isolated from SS and SS.13 BN rats were added to the 2 ml chamber, after steady state, pyruvate-malate was used as a substrate to reach state 2. After adding ADP state 3 was achieved. ADP is gradually depleted by phosphorylation to ATP and respiration drops in the transition to state 4. B: average mitochondria respiration at state 3. *P Ͻ 0.05. electron transfer activity and increase the production of ROS, which occurs in Complex I and Complex III. It has been shown that decreases in Complex I phosphorylation are associated with increases of mitochondrial ROS and cellular damage (56) . Destabilization of Complex I with structural modifications (1) or altered expression of EFTu would be expected to reduce the efficiency of oxidative phosphorylation and further increase oxidative stress in the outer medulla of SS rats. This would be of great importance since it could lead to a compensatory enhancement of glycolysis to overcome the energetic deficiency (40) .
Finally, VDAC2 (voltage-dependent, anion-selective channel) protein is well recognized to be the major pathway for metabolite and ion flux through the outer mitochondrial membrane (4). It was the only mitochondrial protein that was expressed at a higher level in SS mitochondria compared with SS.13 BN rats (Table 1) . Since the permeability of the outer membrane to metabolites is critically determined by the conductance characteristics of VDAC channels (3), changes in its expression could thereby alter the rate of mitochondrial metabolism (39) . The seemingly paradoxical upregulation of VDAC2 in the mitochondria of SS rats may represent a compensatory response to reductions of mitochondrial energy metabolism and O 2 consumption observed in the mTAL of SS rats.
Emerging role of mitochondrial and metabolic defects in hypertension. Impairment of pressure-natriuresis with increased NaCl reabsorption by mTAL appears to contribute importantly to the development of hypertension in the SS rat (5, 35, 59, 60) . The molecular mechanisms underlying these functional abnormalities, however, remain largely unclear. Recent studies from our laboratory suggest a role of increased oxidative stress in the renal OM and specifically in the mTAL of SS rat (13, 52, 68) . In addition, we have discovered that fumarase insufficiency, an enzyme in the TCA cycle, plays a functional role in salt-induced hypertension (72) . Total fumarase activity was found to be significantly lower in the kidneys of SS rats compared with SS.13 BN rats. Medullary interstitial infusion of a fumarate precursor in SS. 13 BN rats significantly exacerbated salt-induced hypertension in the salt-resistant SS.13 BN control rats. Reduction of fumarase activity is consistent with downregulation of mitochondrial proteins and re- Fig. 9 . Changing mTAL energetic leads to reduction of O2 utilization efficiency in SS rat. The expression of 6 mitochondrial proteins were decreased and 1 increased (red arrows) in mTAL isolated from SS rats compared with SS. 13 BN under high-salt conditions (8% NaCl for 7 days). Deficiency in mitochondrial metabolism leads to decreased NADH production, decreased O2 consumption, and increased oxidative stress. IDH2, isocitrate dehydrogenase [NADP]; ATPA, ATP synthase subunit alpha; SCOT, succinyl-CoA:3-ketoacid-coenzyme A transferase; EFTu, elongation factor Tu; ACADM, medium-chain specific acyl-CoA dehydrogenase; Hsp60, 60 kDa heat shock protein; VDAC, voltage-dependent anion-selective. duced efficiency of O 2 utilization observed in the mTAL of SS rats in the present study. Interestingly, the reduction of fumarase activity in SS rats compared with SS.13 BN rats is apparently due to a difference in the protein sequence but not protein abundance (72) . Together, these observations support a largely unexplored role of mitochondrial and metabolic defects in the development of hypertension in SS rats. This is consistent with findings in other models of hypertension and in human hypertension. For example, excess succinate can cause hypertension in mice (24) , and Welch et al. (81) found that hypertensive SHR rats exhibit reduced total kidney O 2 consumption with a 50% increase in O 2 cost for Na ϩ transport. In addition, mutations in mitochondrial tRNA are associated with human hypertension (83) .
While it is not yet clear how deficiencies in mitochondrial metabolism or oxygen utilization can contribute to salt-sensitive hypertension, defects in renal oxygenation may contribute to the development or exacerbation of hypertensive and renal injury (55) . With deficiencies in mitochondria metabolism, oxygen utilization, and ATP production in mTAL of SS rat in the face of greater overall Na (86), we would predict that the required ATP for transport is probably shifted to the glycolitic pathway (65) . Concentrations of superoxide have been found to be elevated and NO reduced in the OM of SS rats compared with SS. 13 BN rats, which contribute to hypertension in SS rats (13, 67, 68, 87) .
Mitochondrial ROS have also been implicated in the development of angiotensin II-or DOCA-salt-induced hypertension in mice, hypertension in the spontaneously hypertensive rat, and pulmonary hypertension in the fawn-hooded rat (42) .
A proteomic analysis of whole medullary tissue by Tyther et al. showed that protein sulfenation (76) and protein carbonylation (77) were enhanced in the renal medulla of SHR rats compared with normotensive Wistar rats. These investigators suggested that the sulfenated and carbonylated proteins could be targets of enhanced ROS generation with ROS acting as a signaling molecule and not as the direct inducer of oxidative damage. Some of the proteins identified by Tyther et al. (76, 77) are known to be redox sensitive and importantly involved in metabolism, antioxidant defense, and regulation of nitric oxidase synthase. However, only six out of 53 of the sulfenated proteins and four out of 12 of the carbonylated proteins were mitochondrial, none of which were differently expressed in the present mTAL study.
The focus of the present study was on the mTAL given the recognized importance of this tubular segment in sodium homeostasis and hypertension in SS rats. It is possible that mitochondria of SS rats may universally exhibit a reduced efficiency of O 2 utilization that thereby affects the efficiency of many organ systems such as the heart and skeletal muscle especially when challenged with increased metabolic needs. The extent to which the mitochondrial phenotype in this early stage of hypertension may in part be driven by renal injury secondarily to the high-salt diet remains to be determined.
Conclusion
We have performed a proteomic analysis of mTAL mitochondria in SS rats. The functional relevance of several of the proteins that were found to be differentially expressed between the salt-sensitive SS rat and the salt-resistant SS. 13 BN rat predicted there would be deficiencies in mitochondrial metabolism and oxygen utilization that we then determined were present in the mTAL of SS rats using isolated mTAL and isolated mitochondria obtained from the renal OM. The results support a novel and largely unexplored role of mTAL mitochondrial deficiencies in salt-induced hypertension and renal medullary oxidative stress.
